Clarifying is one of the most crucial stages in water treatment at water treatment plants. Determining the type of the clarifier in water treatment plants and using it efficiently is necessary. In this study, a pilot is designed and constructed in which the pulsator, the superpulsator and the accelerator are simulated. For each system, turbidity removal efficiency for different influent turbidities and flow rates were studied and the optimum condition was obtained. The results showed that the superpulsator has a superior performance compared to the pulsator, and the pulsator has a superior performance compared to the accelerator and these differences are more sensible at higher flow rates. Also, the best condition for achieving the highest efficiency for the pulsator and the superpulsator is determined to be at flow rate 3 lit/min for an initial turbidity of 2,500 NTU with alum as the coagulant and the highest efficiency for the accelerator is determined to be at flow rate 3 lit/min for an initial turbidity of 2,500 NTU with ferric chloride as the coagulant. Comparing the turbidity removal efficiency shows that for 67% of the cases, ferric chloride has a better performance as the coagulant compared to alum and increasing the influent turbidity leads to an increase in the removal efficiency. Furthermore, three water treatment plants located in Tehran were studied and their characteristics were compared and suggestions were made to enhance their qualities.
INTRODUCTION
Many of the health problems in the developing countries are related to the lack of clean drinking water (Benneyworth et al. 2016) . Almost 800 million people throughout the world, mostly living in the developing countries, do not have access to safe drinking water (Unicef 2012) and they are subjected to diseases transmitted by unsafe water such as diarrhea (Fawell & Nieuwenhuijsen 2003; Clarke et al. 2004) . Most of the water resources are not suitable for drinking and they need a series of treatments before being used (Castro-Hermida et al. 2015) .
Water treatment plants have physical quality criteria including screening and controlling colour, odour and temperature. Also, they have a series of chemical quality criteria including chemical quality refinement, hardness removal, desalination, fluorine injection and alkalinity which some of them are investigated in this study (Spellman 2013; Ang et al. 2015; Hua et al. 2015) . One of the most crucial units in water treatment plants is the clarifying unit, since the colloidal components of the water are removed at this stage. This unit consists of chemical coagulation and flocculation and sedimentation procedures (Bogacki et al. 2016; Fang et al. 2016; Mirbagheri et al. 2016) . El-Nahhas studied the behavior of co-suspended particles and physicochemical behavior of colloids environment to optimize the system (El-Nahhas 2009). Among the types of clarifiers, accelerators and pulsators, in which all the three aforementioned procedures occur in one place (Singh et al. 2014) , have more applications in Iran.
The most intense studies in this filed is carried out by the French Degremont company. This company introduced novel clarifiers to the market which are a combination of flocculation and clarification with a sludge bed with filtration in a single unit (Zhengong 2013; Nithini & Ratnayake 2014) . Kahn & Hang investigated the optical monitoring method for determining the concentration of chemicals and the coagulation performance in water treatment plants which turned out to be an effective indicator for investigating the size of the flocs and their settling velocity (Chichuan & Chihpin 1998) . Fan et al. carried out laboratory-scale and full-scale studies on the changes in solids for which the up-flow rate, the amount of coagulants, influent water turbidity, sludge blanket height and natural organic matter were the parameters that were studied. Determining the concentration of the solids, their changes, sludge blanket height and size of the particles were some of the results of their work (Fan et al. 2003) . Hurst et al. investigated the turbidity removal in the water treatment process, as the treatment of raw water was problematic in case of rain. The results showed how the increase in NOM level disturbs the coagulation of the particles significantly, leading to increased settled turbidity (Hurst et al. 2004) . In 2004, Lin et al. performed pilot experiments on flat bottom sludge blanket clarifiers and investigated the variations of polyaluminium chloride coagulant on the quality of sludge blanket and the quality of drinking water. They concluded that employing a 2-stage procedure for obtaining the same effluent water quality as from a single stage procedure, could significantly decrease the overall PAC (Lin et al. 2004 ). Su et al. proposed a one-dimensional model for the changes in solid particles in the blanket including hydrodynamic dispersion and convective effects. The results of this study showed that the changes in the amount of coagulants affects the blanket height and the retention time and determines the optimum operational conditions for the upward suspended solids bed which generate the lowest effluent turbidity (Su et al. 2004 ). K.Al-Zhang et al. carried out a study on the performance of pulsator clarifier in low turbidities. It was observed that the decrease of the water level in the vacuum tube and the increase of the suction time and the sludge blanket height led to a decrease in the effluent water turbidity (Fan et al. 2003) . Hurst used a laboratory-scale reactor to simulate the water treatment processes including rapid mixing, hydraulic flocculation, upflow clarifying using sludge blanket and sedimentation using Lamella plates for removing colloidal particles. The results of this study showed a linear increase in the removal efficiency of the tiny flocculates in sedimentation with Lamella plate, considering a sludge height of 45 centimeters as well as an improved performance by increasing the retention time of the hydraulic flocculation and energy dispersion rate (Hurst et al. 2010) . El-Nahhas investigated the turbidity removal efficiency in clarifiers in case of returning the sludge to the flocculation stage. This leads to an increase in the flocculation efficiency. By increasing the amount of the returned sludge, the turbidity removal first reaches a maximum value, then remains constant and finally decreases (El-Nahhas 2011). Keeley et al. worked on reusing the coagulant and inexpensive coagulants for which the results were close to the results for the common coagulants (Keeley et al. 2014) . Lin et al. investigated the selective removal of aluminum in sedimentation for high turbidities (Lin et al. 2008) .
Coagulation and flocculation is also used in the removal process for chemical contaminants and industrial wastewater. Gao et al. used polyaluminum chloride coagulant for oil contaminants removal and reached a high removal of 85% (Gao et al. 2007 ). Bidhendi et al. used aluminum sulphate coagulant for color and COD (textile industry wastewater) removal and reached removal efficiencies of 100% and 90%, respectively (Bidhendi et al. 2007) . Also, this process has a good performance in removing TSS and COD (Sarkar et al. 2006; Amuda & Amoo 2007; Prakash & Garg 2016) and heavy metals such as lead, copper, zing etc. using different coagulants Ahmed & Ahmaruzzaman 2016; Vo et al. 2016; Ferhat et al. 2016) .
In this study, accelerator, pulsator and superpulsator systems are investigated in different flow rates and turbidities. Also, the data from three water treatment plants in Tehran are studied and suggestions on improving the water treatment plants are made based on the experimental results.
RESEARCH METHODOLOGY
In this study, first, the tests are done on the constructed pilot and then the results are analysed. Subsequently, a number of water treatment plants are investigated and suggestions are made to improve their condition.
Construction and operation of the pilot
A container with volume of 150 liters equipped with an electronic mixer with 70 rev/min rotational speed is used for the mixing process. The container is showed in Figure 1 .
The pulsator and superpulsator pilot is constructed in 1:40 length scale considering the real dimensions of pulsators. The pilot is made of plexiglass with dimensions 120*70 centimeters and the sludge blanket height is considered to be 70 centimeter. Also, a belt is used around the pilot to withstand the hydrostatic pressure. A view of the constructed pilot is showed in Figure 2 . For each test, the influent turbidity is first generated in the main container and the coagulant and lime (as pH regulator) are added, and then the water is transferred to the pulsator using a hose with a diameter of 25 millimeters. After entering the vacuum chamber, it enters the pulsator bottom pipes by the side channels and exits from its holes and starts to move upward and return to the main container from the effluents. A conventional reverse solenoid valve connected to the vacuum pump is used for generating the pulsator's pulses and its connection and disconnection times are regulated using an electric timer. In this test, by varying the suction and discharge times, their optimum values are obtained for turbidity removal.
In this research, the pulsator pilot is turned into accelerator and the effluents are collected. Therefore, in this study, the square-type accelerator was used instead of the circular type. Accordingly, neither the vacuum pump nor the timed conventional reverse solenoid valve are used for generating the pulses. The procedure is as follows. The influent turbidity is generated in the main container and the coagulant and lime are added to the water. After the mixing, the water enters the pilot and exits the effluent by moving upward and returns to the main container. The formed sludge is constantly discharged by the effluents. This is done manually due to not having a sludge remover. In order to improve the performance of the system, a small percentage of the sludge is returned to the main container to help with the flocculation process. This results in more contacts among the particle in the flocculation process leading to an increase in efficiency. A view of the constructed pilot and an overview of the test are shown in Figures 2 and 3 .
Tests
Considering the objective of this study, the tests are carried out in 6 steps as follows:
Jar test for determining the amount of the coagulant in different turbidities. Determining the optimum suction and discharge time for turbidity removal in the pulsator. Turbidity removal efficiency for flow rate 3 lit/min with initial turbidities 1,500 NTU, 2,000 NTU and 2,500 NTU Turbidity removal efficiency for flow rate 6 lit/min with initial turbidities 1,500 NTU, 2,000 NTU and 2,500 NTU Turbidity removal efficiency for flow rate 9 lit/min with initial turbidities 1,500 NTU, 2,000 NTU and 2,500 NTU The results from Jar test is for determining the optimum amount of the coagulant which is carried out by using different amounts of alum and ferric chloride at different turbidities and with some lime for regulating the PH. The amount of lime is obtained to be 20% to 25% of the coagulant and the results for the optimum amount of the coagulant are brought in Figures 4-6:
It can be deduced from Figures 4-6 that the removal efficiency of the both coagulants are quite high and are almost equal with one another, but the removal efficiency of alum is slightly better than ferric chloride. Comparing Figure 3 , we can deduce that as the influent turbidity is increased, the removal efficiency is increased as well which is due to more contacts between the particles and the formation of more flocs. Also, in all of the cases, the optimum concentration of alum is less than ferric chloride. As a result, using alum decreases the amount of chemicals used which in turn leads to using less lime and decreasing TDS and side effects of the chemicals. wpt.2017.063 Determining the optimum suction and discharge times
In order to obtain the optimum suction and discharge times in this pilot, the effluent turbidity from the pulsator is obtained for each case by setting different times for suction and discharge in the timer. The tests were done at turbidity 1,500 NTU for 6 mg/lit flow rate with alum coagulant for which the suction time of 20 seconds and discharge time of 70 seconds were determined as optimum times for a better performance of the pilot which are illustrated in Figure 7 . The reason for this difference is that in low suctions, the particles are less likely to collide. As a result, the probability of the formation of a bigger floc is lower and increasing the suction time might lead to the breakdown of the flocs. The reason for the high discharge time is the low speed of the water coming down. This time is increased to provide better collisions and energy for the formation of proper flocs and improving the quality of the sludge.
The results presented for determining the optimum removal efficiency
For different flow rate and turbidities, the removal efficiencies are obtained for accelerator, pulsator and superpulsator. According to Figures 8 and 9 , at low flow rates (3 lit/min), the removal efficiency for all three systems is higher than 98% which is an acceptable efficiency. However, in general, the efficiency of the superpulsator is higher than other systems which is due to the presence of Lamella plates (except for turbidity of 2,600 with ferric chloride for which the efficiency is equal to the ones for the other systems). The accelerator and pulsator efficiencies are almost the same which is due to equal retention times. Generally, the superpulsator efficiency is the highest. According to Figures 10 and 11 , at medium flow rate (6 lit/min), the turbidity removal efficiency for the superpulsator is higher compared to other systems due to the presence of Lamella plates. Also, the efficiency of the pulsator is higher than the accelerator except for turbidity of 2,000 with ferric chloride coagulant for which the performances of the three systems are the same.
According to Figures 12 and 13 , at high flow rate (9 lit/min), the turbidity removal efficiency for the superpulsator is always higher than the efficiencies for pulsator and accelerator. Also, the efficiency of the pulsator is higher than the accelerator. Therefore, at higher flow rates, the differences between the types of the systems are higher. It is worth mentioning that in all of the cases, the removal efficiency is higher than 98% which is an acceptable efficiency.
In general, in all flow rates and systems, increasing the influent turbidity leads to an increase in the turbidity removal efficiency which is due to the thicker sludge blanket, higher volume percentage of the sludge and higher quality of the sludge. Therefore, more suspended particles are removed while passing through the sludge blanket. At high flow rates and turbidities, superpulsators are more efficient than pulsators and accelerators, and pulsators are more efficient than accelerators. The reason for the high efficiency of superpulsators are the presence of Lamella plates which as a result makes it more stable against the qualitative and quantitative shocks. The pulsator is more efficient due to the sludge blanket. Comparing the turbidity removal efficiencies shows that at more than 67% of the cases, ferric chloride is a better coagulant that alum. Also, comparing the removal efficiencies at different flow rates shows that in most cases, increasing the flow rate leads to a decrease in efficiency due to less retention time. However, this is not always true. 
STUDYING THE COAGULATION AND FLOCCULATION PROCESS IN WATER TREATMENT PLANTS IN TEHRAN
In this section, the coagulation and flocculation and turbidity removal are investigated for 3 water treatment plants in Tehran. These 3 water treatment plants are:
-Tehranpars water treatment plant with pulsator system which uses ferric chloride as coagulant and lime is used for adjusting the alkalinity and has a capacity of 4 cubic meters per second. -Jalalieh water treatment plant with accelerator system which uses ferric chloride as coagulant and lime is used for adjusting alkalinity and has a capacity of 2.7 cubic meters per second. -Sohanak water treatment plant with pulsator systems which uses ferric chloride as coagulant and lime is used for adjusting alkalinity and has a capacity of 7.5 cubic meter per second. As illustrated in Figure 14 , in Jalalieh water treatment plant, the maximum average amount of ferric chloride used is 12 mg/lit for turbidity of 19 NTU in November and the minimum average amount is 8 mg/lit for turbidity of 3.5 NTU in October. According to the results it can be seen that the turbidity in August is 1.7 times higher than the turbidity in September with a fixed amount of ferric chloride. Also, the consumed ferric chloride in November is 5.5 times higher than the previous month, but the amount of ferric chloride is only increased 1.5 times which indicates not paying attention to the Jar test (meaning that the operator adjusts the amount of ferric chloride empirically by observing the size of the flocs). Moreover, Figures 15 and 16 show the trends of consuming ferric chloride for different months in Tehranpars and Sohanak water treatment plants. According to the figure, with variations in turbidity, the amount of ferric chloride has not changed much indicating not paying attention to the Jar test and the fact that the operator adjusts the amount of ferric chloride empirically by observing the size of the flocs.
Lime consumption
Lime is injected in water treatment plants in the form of grout or milk of lime to adjust the alkalinity and reaching the proper PH. The lime consumption in accelerator is almost 1.5 times higher than in pulsator which does not satisfy the proper SI. In Jalalieh water treatment plant, the flocculation is Water Practice & Technology Vol 12 No 3 585 doi: 10.2166 /wpt.2017 used in addition to the lime, which is not required for the pulsator. Also, using lime in the accelerator leads to fouling in injection pipes, mixing corrosion and corrosions in the electric pumps.
Turbidity removal
The average effluent turbidity in Jalalieh and Tehranpars water treatment plants are 2.3 NTU and 2.66 NTU, respectively which are not favorable. The average effluent turbidity in Sohanak water treatment plant is 0.85 NTU which is adequate. It is worth noting that low influent water turbidity leads to less collisions between the particles which in turn leads to a higher consumption of chemicals.
Suggestions for improving the condition of water treatment plants in Tehran based on the results from the pilot
Since the turbidity and the flow rate are low in Jalalieh water treatment plant (accelerator), the results from flow rate 3 lit/min are used. Based on the results, using alum is preferred to ferric chloride. Since Sohanak and Tehranpars water treatment plants have a pulsator system, ferric chloride coagulant is better to be used and changing it is not required. In order to decrease the final turbidity in Tehranpars water treatment plant (to reach the permitted level), Lamella plates could be employed and the system could be upgraded to superpulsator. Regular Jar tests are recommended since performing this test not only results in less final turbidity, but it also decreases the consumption the coagulant and costs. It is worth mentioning that the coagulant consumption has a stronger inverse effect than the optimum concentration. Increasing the influent turbidity decreases the effluent turbidity. Therefore, in case of low influent turbidity, better results could be achieved by increasing the influent turbidity. The optimum concentration of ferric chloride is higher than alum. Therefore, using alum rather than ferric chloride decreases the costs of the water treatment plants.
Based on the suggestions above, the influent turbidity could be increased to increase the efficiency. In case no improvement were made, changing the coagulant could be a good option. Finally, in case no improvements were made whatsoever, frequent Jar tests and using alum is recommended.
RESULTS
Turbidity removal in clarifiers depends on factors such as amount and type of the coagulant, influent flow rate and turbidity which for reaching the optimum system, all of these factors should be considered. The best condition for reaching the highest removal efficiency in pulsator and superpulsator is achieved at flow rate 3 lit/min for an influent turbidity of 2,500 NTU with alum coagulant and the highest removal efficiency in accelerator is achieved at flow rate 3 lit/min for an influent turbidity of 2,500 NTU with ferric chloride coagulant. According to the results, the performance of superpulsator is better compared to pulsator and accelerator and this difference is more prominent at higher flow rates. Furthermore, pulsator and superpulsator showed proper stability against qualitative and quantitative shocks. At fixed flow rate, increasing the influent turbidity leads to decreased effluent turbidity and increased removal efficiency due to the increased concentration of the sludge blanket. Coagulant consumption is higher in accelerator compared to pulsator. Therefore, not only the costs of the water treatment plant increases, but also more chemicals are added to the water which makes its removal more difficult which has its own specific issues. The optimum amount of the coagulant obtained from the tests at fixed turbidities is higher for ferric chloride than for alum and in 67% of the cases, the removal efficiency of ferric chloride is better than the efficiency for alum.
SUGGESTIONS
Paying more attention to the Jar test and its results leads to the consumption of the optimum amount of the coagulant which in turn leads to an increased clarifier efficiency and in some cases it leads to decreased coagulant consumption and costs. Based on the unfavorable results from the water treatment plants and the need for sustainable development, it is suggested that the clarifier's excess sludge in the water treatment plant be used as a cocoagulant for improving the flocculation process which leads to the contaminant removal and decreased concentration of the main coagulant which in turn leads to decreased costs and side effects of the chemicals (Mc Lane 2003) . Using alternative coagulants in the Jar test and employing them in case they are suitable, e.g. Poly ferric sulphate and poly aluminum chloride Enhancing the sludge blanket using clay to trap colloidal particles.
